. Using a nonsteroidal anti-inflammatory drug (NSAID) before a single bout of mechanical loading can reduce bone formation response. It is unknown whether this translates to an attenuation of bone strength and structural adaptations to exercise training. Purpose: This study aimed to determine whether nonsteroidal anti-inflammatory drug use before exercise prevents increases in bone structure and strength in response to weight-bearing exercise. Methods: Adult female Wistar rats (n = 43) were randomized to ibuprofen (IBU) or vehicle (VEH) and exercise (EX) or sedentary (SED) groups in a 2 Â 2 (drug and activity) ANCOVA design with body weight as the covariate, and data are reported as mean T SE. IBU drops (30 mgIkg j1 BW) or VEH (volume equivalent) were administered orally 1 h before the bout of exercise. Treadmill running occurred 5 dIwk j1 for 60 minId j1 at 20 mImin j1 with a 5-incline for 12 wk. Micro-CT, mechanical testing, and finite element modeling were used to quantify bone characteristics. Results: Drug-activity interactions were not significant. Exercise increased tibia cortical cross-sectional area (EX = 5.67 T 0.10, SED = 5.37 T 0.10 mm , P G 0.01). EX had increased failure load (EX = 243 T 9, SED = 202 T 7 N, P G 0.05) and decreased distortion in response to a 200-N load (von Mises stress at tibia-fibula junction: EX = 48.2 T 1.3, SED = 51.7 T 1.2 MPa, P = 0.01). There was no effect of ibuprofen on any measurement tested. Femur results revealed similar patterns. Conclusion: Ibuprofen before exercise did not prevent the skeletal benefits of exercise in female rats. However, exercise that engenders higher bone strains may be required to detect an effect of ibuprofen.
, P G 0.01) and structural estimates of bone strength (I max : EX = 5.16 T 0.18, SED = 4.70 T 0.18 mm 4 , P G 0.01; SecMod Polar : EX = 4.01 T 0.11, SED = 3.74 T 0.10 mm 3 , P G 0.01). EX had increased failure load (EX = 243 T 9, SED = 202 T 7 N, P G 0.05) and decreased distortion in response to a 200-N load (von Mises stress at tibia-fibula junction: EX = 48.2 T 1.3, SED = 51.7 T 1.2 MPa, P = 0.01). There was no effect of ibuprofen on any measurement tested. Femur results revealed similar patterns. Conclusion: Ibuprofen before exercise did not prevent the skeletal benefits of exercise in female rats. However, exercise that engenders higher bone strains may be required to detect an effect of ibuprofen. Key Words: NSAID, MECHANICAL LOADING, BONE STRENGTH, IBUPROFEN, EXERCISE S keletal tissue adapts to the amount, direction, and speed of mechanical loading forces to prevent fracture during usual activities (49) . Skeletal loading is generated through muscular contractions and ground-reaction forces, making exercise an effective means of improving and maintaining bone health (1, 24, 27, 50) . Adaptation to load requires that the bone sense the load, which occurs primarily by osteocytes (5, 29) . Prostaglandin E 2 (PGE 2 ) is produced from arachidonic acid via cyclooxygenase (COX) and is released by osteoblasts and osteocytes (4, 25) . PGE 2 increases in response to mechanical stimuli and is necessary for the bone formation response by mediating gap junction mediated communication in response to loading (10, 11, 36, 46) .
Nonsteroidal anti-inflammatory drugs (NSAID) are among the most commonly used medications, with a prevalence of 5%-40% in nonathletic populations, depending on the sample and the NSAID of choice (12, 20, 34, 37, 39, 53) . Many people take NSAID (e.g., ibuprofen) before exercise to prevent pain, and its use is extremely prevalent among athletes (2, 12, 19, 47, 51, 54) . NSAID act by inhibiting (COX) activity, thereby preventing the production of prostaglandins from arachidonic acid. The action of NSAID has important widespread ramifications for bone health if the result is an inability to appropriately respond to mechanical loading. Rodent studies first demonstrated that the expected increase in bone formation in response to acute mechanical loading is impaired when NSAID are administered before, but not after, exercise (30, 36) . These findings were later translated into testing the effect of repeated ibuprofen use before or after exercise. Changes in hip bone mineral density (BMD) were not different in young women taking ibuprofen 1 to 2 h before exercise sessions during a 9-month exercise training intervention compared with their control group, but taking ibuprofen after exercise resulted in a robust increase in BMD (28) . However, this difference in response was not observed in older adults (23) .
There are limitations to what can be inferred about how NSAID use affects bone quality adaptations to exercise using BMD alone (7, 31, 35) . Relatively small increases in areal BMD in response to mechanical loading can result in disproportionately large increases in bone strength (8, 40) . Important determinants of whole bone strength are bone size and the distribution of bone tissue about its center of mass. Orienting bone tissue further from its center of mass can increase its strength without requiring an increase in bone mass. For a given material property of bone, a 10% increase in its outer diameter will results in~30%-40% increase in strength, depending on the loading modality (7) . Therefore, if NSAID block the increases in cross-sectional bone geometry, then they will also block the increases in bone strength in response to exercise training. There are no previous studies in animals or humans that have determined whether consistently taking NSAID before repeated exercise bouts prevents bone structural adaptations to mechanical loading. Thus, it is currently unknown whether taking NSAID before exercise prevents expected improvements in bone morphometry. It is also unknown whether consistent NSAID use before exercise unfavorably alters resistance to deformation (stiffness), resistance to fracture (strength), and ability to absorb energy (toughness) of bone tissue over long-term exercise training. Therefore, we conducted a randomized placebo-controlled trial in an animal model to address these gaps in knowledge.
The purpose of this study was to determine whether NSAID use before exercise prevents increases in bone structure and strength in response to weight-bearing exercise. We hypothesized that consistent administration of ibuprofen before each bout of exercise would prevent the expected increases in bone stiffness and strength in response to long-term exercise training, and that this effect would be explained by blunted improvements in bone cross-sectional geometry.
METHODS
Adult (20-wk-old) female Wistar rats were placed into groups by stratified randomization by body weight (total N = 43) to ibuprofen exercise (IBU-EX; n = 10), ibuprofen sedentary (IBU-SED; n = 11), vehicle EX (VEH-EX; n = 11), or VEH-SED (n = 11) (52). Rats were individually housed in metabolic caging (hanging wire racks) that promotes sedentary behavior when not engaged in programmed exercise and kept in a 14:10 light-dark cycle. Rats had access to chow and water ad libitum. Running and drug delivery occurred five times per week for 12 wk. At the end of 12 wk, body composition (fat mass and bone free lean mass) was measured with quantitative magnetic resonance (EchoMRI, Houston, TX). Rats were then euthanized by exsanguination under isoflurane anesthesia, blood was collected, and bones were harvested. Bones of the lower limbs were dissected free of soft tissue, wrapped in saline-soaked gauze, and stored at j80-C until further analyses. This study was approved by the University of Colorado Anschutz Medical Campus IACUC (Protocol No. 61414(12)2E).
Drug delivery. Ibuprofen (dose = 30 mgIkg j1 of body weight; 50 mg per 1.25 mL Infants" Ibuprofen Drops, Walgreen Co, Deerfield, IL) or vehicle (equivalent volume based on body weight; 1% methylcellulose and 2% sucrose in water) was delivered orally with 1 mL needleless syringes 60 min before exercise or at a similar clock time for sedentary controls. Rats were trained to drink fluid from the syringe such that gavage was unnecessary. If a rat did not actively drink all of the ibuprofen solution, then the remainder was slowly ejected into the back of the mouth while being held at a 45-angle by a technician. This dose and timing was selected based on previous fracture healing studies and pharmacokinetic data of ibuprofen in rats (3, 15, 33, 42) . Oral dosing of 20 mgIkg j1 results in peak plasma concentrations at 45 min (33) . The distribution phase (rapid movement from plasma to other tissues) after intraperitoneal injection is complete within 2 h, and the half-life is 2-2.5 h. The percentage of recovery in urine of ibuprofen and its metabolites after 24 h is 38% for a 20-mgIkg j1 dose and 48% for a 50-mgIkg j1 dose (42) . Thus, we timed the exercise bouts to occur while the ibuprofen was at its peak in circulation (including skeletal circulation) and is presumably actively entering into bone cells.
Exercise intervention. The exercise prescription was treadmill (Exer-6 M Treadmill; Columbus Instruments, Columbus, OH) running exercise at 20 mImin j1 , 5-incline, 60 minId j1 , for 12 wk. The exercise dose was ramped up during the first 3 wk of the intervention. This speed, incline, and duration have been effective for inducing increases in bone characteristics such as cortical area, periosteal bone formation rate, BMD, and bone strength (9, 18, 21) . Exercise bouts ended less than 1 h before starting the dark cycle (3:00 p.m.). This running time of day was selected to be consistent with our previous exercise studies (44) . Rats were motivated to complete their daily training by using one or more of the following stimuli: 1) positioning food pellets just out of reach or dangling a novel play item at the head of the treadmill lane, 2) shock from an electric grid at the rear of the treadmill (10 V, 0.5 A, 0.75 Hz), 3) application of a bristle brush to the feet on the rear grid, and/or 4) intermittent air puffs to the hindquarters. Rats were scored during each bout of exercise based on the quality of running and amount of encouragement required to complete the exercise bout. Scores of 1-3 indicate that the rat either did not complete the exercise bout or required constant encouragement to run. Scores of 4-6 indicate that the rat completed the exercise bout but required multiple reminders to run or intermittent use of encouragement. Scores of 7-10 indicate that the rat completed the exercise bout while remaining on the belt for most-to-all of the bout, requiring little to no encouragement, but the quality of the performance varied from running to the front of the lane and riding to the back of the lane to continual forward movement. All but two rats were generally compliant to the exercise protocol and required little prompting.
Bonemorphometry. Microcomputed tomography (Siemens Inveon, Erlangen, Germany) scans were performed on whole femurs and tibiae at a resolution of 30 and 47 Km, respectively. A calibration phantom containing known densities of hydroxyapatite (750, 250, 50, 0 mgIcm j3 ) were included in the bone scans to convert grayscales to density values for the finite element models described below. Cortical cross-sectional area (CSA), thickness (CTh), section moduli (Z min , Z max , and Z p ), and second moments of area (I min and I max ) were measured along the diaphyseal shafts of tibiae and femurs using the BoneJ plugin for ImageJ (14) . The volume of interest (VOI) for the tibial shaft was from the tibia-fibula junction to 14.1 mm proximal, averaged for more than 150 slices spaced 47 Km apart. The VOI for the femoral shaft was 6 mm in each direction from the femoral midshaft, averaged for more than 200 slices spaced 30 Km apart. Bone slices were realigned about the z-axis using the ''Moments of Inertia'' function within BoneJ. Alignment was confirmed through the ImageJ 3D viewer. Slice geometry was then used to determine cross-sectional characteristics within the VOI.
Mechanical testing. Femur strength was quantified with three-point bending (loading rate of 0.1 mmIs j1 ) (Insight 30; MTS Systems Corporation, Eden Prairie, MN). The linear portion of the load-deformation curve was confirmed with a linear r 2 9 0.99 and was used to calculate bone stiffness in femora, and the area under the load deformation curve was calculated as the energy to failure. Fracture strength of tibiae was quantified with axial testing, which introduces both compression and bending loads because of the curvature of the tibia. The ends of each tibiae were potted in blocks of urethane, and force was applied at a strain rate of 0.5%Is j1 . Load and displacement data were collected using TestWorks (MTS Systems Corporation) software and a 500-N MTS load cell. Stiffness and energy to failure are not reported for tibia, as these measures are affected by the properties of both the bone and the potting material.
Finite element modeling. Micro-CT scans were converted to 3D models with a finite element mesh (Simpleware Ltd., Exeter, UK) with tetrahedral elements. Femur scans were downsampled to 40-Km isometric voxels before meshing. The finished models were then imported into Abaqus (Simulia, Providence, RI) for finite element analysis. Each bone element was assigned an elastic modulus based on calibrated grayscale values using the equations described by Keyak et al (26) . In the tibia models, a boundary condition was created to prevent displacement in the distal tibia in all three axes. A compressive load of 200 N was then applied as ten 20-N point loads to the proximal tibia. In the femur models, a boundary condition was created to prevent displacement in the proximal femur in all three axes. A compressive load of 250 N was applied as ten 25-N point loads to the distal femur. Peak von Mises stress was computed by sampling 50 elements in the region on the periosteum containing the highest stress. An average von Mises stress was computed at the cross section at the mid-diaphysis in the femur, and just proximal to the junction of the tibia and fibula. von Mises stresses (distortional mechanical loading) quantify the mechanical behavior of tibiae and femurs under a standardized load. Higher stresses in response to load occur in a bone with a more compliant 3D structure. Further, the region of the highest distortional stress within a bone corresponds to the location where fracture would likely initiate. The FE models of the tibiae were then used to estimate tibial fracture strength under loading similar to that used in the mechanical tests. The BMD of each element was converted to ultimate stress, or local apparent tissue strength, using the relationships of Keyak et al. (26) . Using the stress distribution produced by the standard 200-N compressive load, the load was scaled linearly until 3% of the bone"s volume exceeded the local ultimate stress. This load was recorded as the FE-predicted fracture load. There were nine bones, distributed across the four groups, in which the phantom was scanned immediately before scanning those bones rather than being contained within the same scan. Although this effect on failure load prediction was likely small, we did not include these bones in this secondary analysis for the sake of accuracy.
Statistical analyses. Data were analyzed with SAS version 9.4. Data are presented as mean T SE. To compare the individual (main effects) and combined (interaction) effects of exercise and IBU on morphometry and mechanical testing measurements, two-way ANCOVA was used, with body weight as the covariate. Main effects (drug and exercise) were explored when interaction effects were not significant. Running performance was compared between the EX groups using a student"s t-test. Linear regression was performed, and a Bland-Altman plot was created between the FEM-predicted fracture load and the experimental fracture load of tibiae. The level of significance was set at P G 0.05 for all tests.
RESULTS
Running compliance score averaged 7.5 T 0.1 and was similar for the two groups. EX rats gained less weight (27 T 3 vs 40 T 4 g, P G 0.05) and had a lower final fat mass (68 T 4 vs 87 T 4 g, P G 0.01) than sedentary rats. Final total body mass was not significantly different between EX and SED rats (330 T 2 vs 346 T 6 g, P = 0.10). Lean mass was similar among exercise groups (EX = 223 T 4 g, SED = 220 T 4 g, P 9 0.10). One tibia sample and one femur sample were lost in imaging data due to motion artifact.
EX significantly improved tibia cortical CSA, I min , I max , Z min , Z max , and Cth (main effect: all P G 0.05, range = 5.2%-14.4%; Table 1 ) and failure load (main effect: P G 0.02, 17.4%; Fig. 1A and B) after adjusting for body weight. In addition, EX increased failure load (11.3%; main effect: P G 0.01) of the femur and femur stiffness (7.5%; main effect: P = 0.027; Fig. 1C ) but did not change energy to failure (P = 0.25, Fig. 1D) . Generally, the effect of exercise on micro-CT-based variables was stronger in the tibia than that in the femur (see Table, Supplemental Digital Content 1, Femur uCT results, http://links.lww.com/MSS/A845).
Ibuprofen-exercise interaction effects were not significant for any variables. The effect of exercise on tibia CSA was similar between drug groups, as body weight-adjusted tibia cortical CSA was 9.4% higher in IBU-EX compared with IBU-SED, and CSA in VEH-EX was 6% higher than VEH-SED (interaction: P = 0.48; post hoc t-tests between EX and SED within drug groups not performed). However, body-weightadjusted tibia I max and I min were 18.3% and 20% higher in IBU-EX compared with IBU-SED, and 10.6% and 7% higher in VEH-EX compared with VEH-SED (interaction: P 9 0.31; post hoc t-tests between EX and SED within drug groups not performed).
Bone failure occurs at von Mises stress of approximately 150 MPa (38) , which is the red region in Figures 2 and 3 . In the tibia, the stress in response to a 200-N load was lower in EX (main effect: P e 0.02), suggesting a more favorable bone structure in exercising rats (Fig. 2) . Finite element analysis demonstrated that bone failure would initiate on the posterior surface of the tibia toward the outer cortical shell (Figs. 2 and 3) , and that SED rats would have a larger bone region that would fail in response to the standard load. However, there was no significant effect of ibuprofen (Table 2) . For the tibiae included in the development of a failure load criterion (n = 30), FEM-based failure load was not significantly different from the actual failure load (219.6 T 7.0 vs 230.2 T 7.1 N, P = 0.29). The FE-predicted fracture load for the tibia was deemed to have reasonable predictive value for experimentally measured fracture load, with an r 2 value of 0.62 (P G 0.001) (Fig. 4A) . All data are provided in the Figure 4A Main effect of exercise; ANCOVA conditioned on body weight. RAW, unadjusted means; ADJ, mean adjusted for body weight; I max , maximum second moment of area; I min , minimum second of area; Z max , maximum section modulus; Z min , minimum section modulus; Z p , polar section modulus; Peri, periosteal circumference (mm); Cth, cortical thickness. *P e 0.01,**P e 0.05, ***P G 0.07. for transparency. However, two obvious outliers (the two tibiae with the highest experimentally measured fracture loads) were removed for statistical analysis.
DISCUSSION
This is the first study, to the best of our knowledge, that used an exercise program in a preclinical model to determine whether repeatedly taking NSAID before exercise attenuates the cortical bone structural and mechanical properties to mechanical loading over long-term exercise training. Our data do not support the hypothesis that taking IBU before weight-bearing aerobic exercise prevents the skeletal adaptations to exercise training. We found that 12 wk of treadmill running generated 5%-15% increases in structural parameters (e.g., CSA, I max ) and 7%-18% increases in subsequent mechanical properties (i.e., failure load, stiffness, and energy to failure) compared with sedentary groups. In addition, through finite element modeling, we demonstrated that the mechanical behavior of whole bone improved in exercising rats. However, significant drug effects were not detected.
Skeletal adaptations to exercise training or mechanical loading are site specific and depend on the interplay between multiple factors such as the number of loads, the magnitude and rate of strain, and the frequency of loading bouts (13, 22, 32) . A small number of studies used short-term interventions of externally applied loading on anesthetized rodents. Importantly, that approach has a potential confounding effect of anesthesia, plus externally applied loading removes the role of muscle as an endocrine organ, as well as the loading on bone from muscle contractions (17, 41) . Still, injecting NS398 into mice and applying unilateral external loading for 40 loads per day, 3 dIwk j1 for 2 wk during anesthesia did not affect the cortical response to the loading protocol (45) . Previous work that used a single bout of loading indicated that the endocortical surfaces of bone appear to be more dependent on PGs for formation than the periosteal surface, which complicates hypotheses about whether NSAID are helpful or harmful to skeletal adaptations to loading (16, 30) . If ibuprofen mimicked indomethacin or NS398 on the effect on endocortical versus periosteal bone formation rate and mineral apposition rate, we would expect that the VEH-EX group to have greater endocortical bone formation, resulting in a larger cortical thickness, compared with IBU-EX. This would, in turn, lead to much larger changes in bending resistance and strength in the VEH-EX group. Because ibuprofen is a nonspecific COX inhibitor, the observed effect is likely to be more similar to those induced by indomethacin than those induced by NS398, such that a 20%-40% attenuation of the increase in bone size might be hypothesized.
Our results for cross-sectional geometry may provide some clues about possible differences in endosteal and periosteal adaptations that occurred due to exercise. For example, the tibia in VEH-EX rats and IBU-EX rats experienced comparable increases in cortical thickness (6.7% increase for VEH-EX and 3.4% increase for IBU-EX) and cortical CSA (6% increase for VEH-EX and 9.4% increase for IBU-EX) compared with sedentary rats. Despite the similar changes in cortical thickness and CSA, I max (a measure of bending resistance) was 18.3% higher in the IBU-EX group but only 10.6% higher in the VEH-EX group. Because I max is proportional to bone width raised to the fourth power, it is possible that the small increase (5.2%, not significant) in periosteal circumference in the IBU-EX group resulted in the relatively large increase in I max . Section moduli (Z max , Z min , and Z p ), which are proportional to bone width raised to the third power, demonstrated similar trends. The variability of our periosteal circumference results was too large to detect significant differences, but future studies could use dynamic histomorphometry to confirm where new bone is added in response to exercise with and without ibuprofen treatment.
The use of FEM provides insight into how the tibiae and femora would be expected to adapt to exercise training (48) . First, distortion in response to a standardized axial compressive load was lowest on the endosteal surface, which should result in smaller structural adaptations at those locations. If the periosteal surface is less dependent on prostaglandins for adaptation to loading (30) , then it would not be surprising that ibuprofen did not prevent the adaptation to exercise. Second, stresses were uniform neither along the diaphysis nor around its surface. The resulting expectation would be large Sur, surface; Mid, midshaft cross-sectional slice; Junc, junction = cross-sectional slice just proximal to where the fibula emerges from the tibia. *P G 0.01, main effect of exercise.
variability along and around the diaphysis in terms of the applied loading stimulus and subsequent adaptation. Thus, the manner in which we measured and reported our structural parameters probably did not capture the ''peak'' exercise effect, but we believe it was more representative of the overall exercise effect. In addition, the FE analysis provides additional information as to why the differences in bone strength exist. The combination of 3D geometry, BMD, and applied loading results in a 3D description of stress distribution. The mean finite element analysis stress values reported in Table 2 therefore provide a single-number summation of the combined effects of loading and bone structure. Finally, based on agreement with experimental testing, the FEM provides reasonable and highly significant (P G 0.001) ability to predict tibial fracture load. Therefore, future studies that use CT imaging of the rat hindlimb at multiple time points could implement this analysis method to monitor changes in tibial strength over time. Contrary to our hypothesis, increases in tibia bone geometry tended to be larger in ibuprofen rats. We acknowledge the possibility that we were not sufficiently powered to detect a significant interaction to permit t-tests for simple effects (i.e., IBU-EX vs IBU-SED and VEH-EX vs VEH-SED). However, our results provide a basis for power analyses for future studies. Because a short-acting, nonselective NSAID was used for this experiment, we do not know whether COX-2 selective NSAID, long-acting NSAID, or acetaminophen would generate similar results. Sibonga et al. (43) demonstrated that bone formation was attenuated and bone loss was accelerated when ibuprofen was delivered as an implanted pellet, which would have generated a more constant suppression COX, and therefore PGE 2 . Although studies of the pharmacokinetics of ibuprofen in serum and synovial fluid in rats have been published, much less is known about the kinetics of ibuprofen appearance and clearance in bone tissue (42) . Thus, the amount of ibuprofen in the skeleton during exercise may not have been sufficient to completely inhibit COX in bone. Although NSAID delivery 30 min before acute loading was enough time to suppress bone formation, and 1 h should have given ample time for the ibuprofen to reach peak levels within the bone circulation, delivering the ibuprofen 2 h before exercise may have given more opportunity to inhibit COX within bone cells (30, 33) . Because we did not deliver ibuprofen 1 h before collection of tissues at experiment"s end, we cannot verify ibuprofen levels in skeletal tissue at the time exercise was performed. Because of the time course of the bone formation response to mechanical loading in vivo (6), it is unclear whether taking a single dose of short-acting NSAID around the time when exercise occurs is as relevant when taken in context of repeated bouts of loading. Regardless, this study was designed to mimic the way many people take ibuprofen during free living conditions, and further studies will be required to understand whether a more robust suppression of COX and/or PGE 2 is required to block the skeletal adaptations to exercise training. In short, our data do not support the hypothesis that ibuprofen prevents cortical bone structural adaptations to treadmill running when taken before exercise.
